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Summary
Background. — The proximal isovelocity surface area (PISA) method is validated to quantify
mitral regurgitation (MR) and ventricular shunt (VS). However, the two-dimensional echocar-
diography (2DE) PISA method assumes a hemispherical distribution of velocity factors proximal
to the MR or VS oriﬁce.
Aim. — To assess the PISA shape by three-dimensional echocardiography (3DE) in a paediatric
population with MR or VS. According to the true PISA shape, we suggest different models to
calculate the MR or VS volume by the 3DE PISA method.population;
Congenital heart
disease
Methods. — Thirty-one paediatric patients (aged 1month to 20 years, median 69months) were
included: 17 had MR and 14 had VS. The oriﬁce area and volume of MR and VS were evaluated by
2DE. 3DE acquired the entire PISA volume at oriﬁce level. The PISA shape was estimated accord-
ing to three diameters as being hemispherical, prolate hemispheroid, oblate hemispheroid and
hemiellipsoid.
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Conclusion. — L’échocardiographie 3D est une nouvelle méthode permettant une approche plus
PISA
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bbreviations
DE two-dimensional echocardiography
DE three-dimensional echocardiography
R mitral regurgitant
ISA proximal isovelocity surface area
S ventricular shunt
ackground
ccurate quantiﬁcation of MR or VS is an ongoing challenge
n the evaluation of children with congenital heart diseases.
he PISA method is validated to estimate MR and VS volume
n adult and paediatric patients [1—3]. However, the 2DE
ISA method assumes a hemispherical distribution of veloc-
ty factors proximal to the regurgitant (or shunt) oriﬁce. This
ethod has a conspicuous drawback due to the 2D nature of
he conventional imaging system, as the true shape of the
sovelocity surface may be not hemispherical.
Real-time 3DE is a new technology that can provide infor-
ation about the 3D shape of the PISA using a handled
ltrasound system. A recent in vitro model study validated
DE PISA imaging to assess MR volume [4]. In clinics, 3DE
as been used to measure the regurgitant oriﬁce area vol-
me [5,6]. However, these studies did not describe the true
hape of the PISA according the mechanism of regurgita-
ion or shunt. We report the assessment of the PISA shape
sing 3DE in a paediatric population with either MR or VS.
T
a
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n SAS.
ccording to the true shape of the PISA, we suggest differ-
nt models to calculate the regurgitant (or shunt) volume
y the 3DE PISA method.
ethods
chocardiographic acquisitions
or each paediatric patient with MR or VS, both 2DE (iE33
r Sonos 7500, Philips, with S3 or S8 transducers) and 3DE
X3-1, X4-2 or X7-2 matrix probes, Philips) were performed.
pical and parasternal windows were used for 2DE and 3DE
cquisitions of MR and VS PISA, respectively. We optimized
he aspect of the proximal convergence ﬁeld by reducing the
olour Doppler aliasing velocity to a value between 20 and
0 cm/s (mean 34± 7 cm/s). For colour Doppler 3DE acqui-
ition of the PISA, six smaller real-time volumes, acquired
rom consecutive cardiac cycles and during a breath hold
hen possible, were combined to provide a large pyramidal
olume. To optimize the frame rate of acquisition, depth
as minimized; care was taken to visualize the entire PISA
n the acquired volume.
chocardiographic measurementsA.B. Ziani et al.
Results. — Data from 28patients were analysed. The PISA shape was variable: hemispherical,
11%; prolate hemispheroid, 43%; oblate hemispheroid, 32%; hemiellipsoid, 14%. Oblate hemi-
spheroids occurred more frequently in the MR group (47%), whereas prolate hemispheroids
occurred more frequently in the VS group (62%); hemispheres were scarce in both groups (10%).
The mean MR or VS oriﬁces and volumes measured by 2DE and 3DE were signiﬁcantly different
(0.123 cm2 versus 0.094 cm2 and 13.2mL versus 10.1mL, respectively; p = 0.019).
Conclusions. — 3DE describes the true surface of the PISA shape. In a paediatric population with
MR or VS, the PISA is rarely hemispherical but is more often prolate or oblate hemispheroid.
© 2009 Published by Elsevier Masson SAS.
Résumé
Introduction. — La PISA est une méthode validée pour quantiﬁer les fuites mitrales (IM) et les
shunts ventriculaires (SV). Néanmoins, cette méthode assume une géométrie hémisphérique de
la PISA.
But. — Le but de notre étude a été d’étudier par échocardiographie 3D la géométrie réelle de
la PISA.
Méthodes. — Trente et un enfants (âge médian de 69mois allant d’un mois à 20 ans) ont été
inclus : 17 avaient une IM et 14 un SV. La surface de l’oriﬁce et le volume régurgité ont été
calculés par mesure de la PISA par méthode 2D et 3D. La faisabilité de la mesure 3D a été de
90%.
Résultat. — La géométrie de la PISA était variable : hémisphérique (11 %), hémisphéroïde prolate
(43 %), hémisphéroïde oblate (32 %) et hémilellipsoïde (14 %). Dans le groupe avec IM, la forme
était de fac¸on prépondérante hémisphéroïde oblate (47 %). Dans le groupe avec SV, la forme
était plus souvent hémisphéroïde prolate (62 %). La surface moyenne de l’oriﬁce de l’IM ou du
SV était différente par les méthodes 2D et 3D (0,123 cm2 et 0,094 cm2, p = 0,019).he 2DE PISA method was used to evaluate the oriﬁce
rea and volume of MR and VS [7]. The off-line dedicated
-Lab 3D 4.2 system (Philips) was used for 3DE PISA anal-
sis. To measure the region at the ﬂow convergence, we
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SFigure 1. 3DE PISA analysis. The isovelocity radius (r1) was meas
the ﬁrst aliasing contour and the centre of the regurgitant (or shun
plane at the oriﬁce level.
used the ‘‘plane-cropping’’ mode and moved the active
plane along a line transversal to the longitudinal axis of
the PISA. All measurements were performed in mid-systole.
The isovelocity radius (r1) was measured in the longitu-
dinal plane as the maximal radial distance between the
ﬁrst aliasing contour and the centre of the regurgitant (or
shunt) oriﬁce. Two diameters (D2 and D3) were measured
in the transversal plane at the oriﬁce level (Fig. 1). The
PISA shape was estimated according to the three diameters
(D1 = 2r1, D2 and D3) as being hemispherical (the three diam-
eters are equal), prolate hemispheroid (the two smallest
diameters are equal), oblate hemispheroid (the two longest
diameters are equal) and hemiellipsoid (the three diame-
ters are different). Two diameters were considered to be
equal when the difference was less than 50% of the inferior
value.
The surface of the PISA was calculated by apply-
ing mathematic formulae, where e (the eccentricity
index) =
√
1− (b2/a2), a is the longest radius and b is the
smallest radius:
• hemisphere = 2∏r12;
• prolate hemispheroid =∏b(b + a arcsin e/e);
• oblate hemispheroid = ½∏(2a2 + [b2Ln (1 + e)/(1− e)/e]).The hemiellipsoid surface, which depends on the angle,
was not calculated. The regurgitant and shunt oriﬁce area
and volume of MR and VS were obtained similarly as in
the 2DE method, with r being the maximal radius of the
PISA:
T
w
m
m
0in the longitudinal plane as the maximal radial distance between
ﬁce. Two diameters (D2 and D3) were measured in the transversal
oriﬁce area = (2
∏
r2)× (the velocity at which the aliasing
surface occurred/peak velocity of the MR and VS jet);
volume= oriﬁce area× velocity time integral of the MR
and VS jet.
tatistical analysis
ontinuous variables are expressed as means± standard
eviations (S.D.). The differences between regurgitant and
hunt oriﬁce areas and volumes of MR and VS measured
y 2DE and 3DE were tested. Because of the asym-
etric distribution of the values, paired variants were
ompared using a Wilcoxon test. A t test after value
og transformation was used to compare means. Interob-
erver and intraobserver agreement were assessed with
inear regression (Bland-Altman method), and the aver-
ge differences between readings were corrected for their
ean. A value of p < 0.05 was considered to be signiﬁ-
ant.
esults
tudy populationhirty-one children with MR (17 patients) or VS (14 patients)
ere included. The mean age was 80± 29months with a
edian age of 69months (range, 1month to 20 years). The
ean weight was 20± 7 kg and mean body surface area was
.74± 0.18m2.
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Table 1 PISA shape according to the MR mechanism and VS anatomy.
Mechanism PISA shape
Hemispherical Prolate hemispheroid Oblate hemispheroid Hemiellipsoid
MR
Cleft 4 2 1 1 0
Restriction 5 0 1 3 1
Prolapse 5 0 2 3 0
Mitral annulus dilatation 1 1 0 0 0
Total 15 3 4 7 1
VS
Perimembranous 10 0 7 2 1
Muscular 2 0 0 0 2
Infundibular 1 0 1 0 0
Total 1 0 8 2 3
Total 2 3 12 9 4
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wMR: mitral regurgitant; VS: ventricular shunt.
ISA shape
he measurement feasibility of the PISA shape using 3DE
as 90% (impossible 3DE acquisition due to agitation or
oor quality acquisition in three patients). Overall, data
rom 15patients with MR and 13 with VS were analysed.
he MR mechanism, VS anatomy and PISA shape distribu-
ion are reported in Table 1. In the total population, the
ISA shape was hemispherical in 11%, prolate hemispheroid
n 43%, oblate hemispheroid in 32% and hemiellipsoid in 14%
Figs. 2—5). In the MR group, there was a predominance of
he oblate hemispheroid shape (47%) whereas in the VS group
he prolate hemispheroid shape occurred more frequently
62%). The PISA shape varied with the MR mechanism. In
atients with prolapse or restriction of the mitral valve,
he PISA had an oblate hemispheroid shape in 60%, a pro-
ate hemispheroid shape in 20% and a hemiellipsoid shape in
0% (none had a hemispherical shape). In cleft mitral valve
i
s
a
b
c
igure 2. Hemispherical PISA shape: a: mathematic model; the three
ith cleft mitral valve is viewed from the left ventricle.atients, the PISA shape was hemispherical in 50%, oblate
emispheroid in 25% and prolate hemispheroid in 25% (none
ad a hemiellipsoid shape). In the single patient with mitral
nnulus dilatation, the PISA shape was hemispherical. In
atients with VS, the PISA had a prolate hemispheroid shape
n 62%, an oblate hemispheroid shape in 15% and a hemiel-
ipsoid shape in 23% (none had a hemispherical shape).
DE versus 3DE measurements
he MR and VS oriﬁce area and volume were measured by
DE in 24 patients (four patients with an ellipse PISA shape
ere excluded). All 2DE and 3DE measurements are reportedn Table 2. The mean regurgitant (or shunt) oriﬁces mea-
ured by 2DE and 3DE were signiﬁcantly different (p = 0.019),
s were the mean regurgitant (or shunt) volumes measured
y 2DE and 3DE (p = 0.019). In the three groups (spheri-
al, oblate and prolate spheroid), no signiﬁcant differences
diameters (D1, D2 and D3) are equal; b: 3DE; the PISA in a patient
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Figure 3. Prolate hemispheroid PISA shape: a: mathematic model; the two smallest diameters are equal; b: 3DE; the PISA in a patient
with ventricular septal defect is viewed from the left ventricle. The prolate hemispheroid PISA has a squeezed half lemon shape.Figure 4. Oblate hemispheroid PISA shape: a: mathematic model; the
mitral valve prolapse is viewed from the left ventricle. The oblate hemi
Figure 5. Hemiellipsoid PISA shape: a: mathematic model; the three di
mitral valve is viewed from the left ventricle.two longest diameters are equal; b: 3DE; the PISA in a patient with
spheroid PISA looks like half of a cigar.
ameters are different; b: 3DE; the PISA in a patient with restrictive
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Table 2 2DE and 3DE measurements of MR and VS oriﬁce area and volume.
2DE 3DE p-value
MR or VS oriﬁce area (cm2)
Hemispherical 0.06 [0.02—0.18] 0.06 [0.01—0.46] 0.95
Prolate hemispheroid 0.11 [0.05—0.25] 0.08 [0.03—0.20] 0.058
Oblate hemispheroid 0.18 [0.10—0.33] 0.14 [0.06—0.31] 0.124
Total 0.12 [0.08—0.19] 0.09 [0.06—0.16] 0.019
MR or VS volume (mL)
Hemispherical 8 [3.5—17] 8 [1—54] 0.95
Prolate hemispheroid 10 [5—21] 7 [3—17] 0.058
Oblate hemispheroid 23 [14—37] 17 [9—35] 0.124
Total 13 [9—20] 10 [6—17] 0.0191
2DE: two-dimensional echocardiography; 3DE: three-dimensional echocardiography.
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Cere found between the two methods. In the prolate hemi-
pheroid group there was a tendency to overestimate both
egurgitant (or shunt) oriﬁces and volumes measurements
y 2DE compared with 3DE (p = 0.58).
eproducibility
nterobserver and intraobserver variability of the 3DE PISA
hape were analysed in all patients. On the same full vol-
me acquisition of the PISA, each observer measured the
hree diameters of the PISA with the described method.
he mean interobserver difference of MR and VS volume
as 5.9± 15mL (r = 0.89, p < 0.0001). Intraobserver variabil-
ty was assessed by comparing the measurements given by
he same observer after an interval of more than a week
etween the two measurements. The mean intraobserver
ifference of MR and VS volume was 2± 8mL (r = 0.92,
< 0.0001).
iscussion
he aim of our study was to evaluate the true shape of the
ISA using colour Doppler 3DE in a paediatric population with
R or VS. In our series, the PISA shape was not hemispher-
cal in almost 90% of cases. In the MR group, the oblate
emispheroid shape was dominant, while in the VS patients
with a circular-shaped regurgitant oriﬁce) the prolate hemi-
pheroid shape was dominant. This ﬁnding is not surprising,
onsidering the predominant aetiologies of MR in children
cleft, prolapse or pure congenital restriction), whereas the
S shape is sometimes anfractuous. In the only adult series
hat analysed the PISA shape using 3DE, its form was hemiel-
ipsoid in most cases [7]. For an easier understanding of our
lassiﬁcation, one could liken the spheroid oblate shape to
squeezed half lemon and the spheroid prolate shape to an
longated ‘‘hemisphere’’ like half of a cigar. The regurgitant
r shunt oriﬁce area has the shape of a circle only when it
s a hemispherical or prolate hemispheroid PISA. In the case
f an oblate hemispheroid or a hemiellipsoid PISA, it has the
hape of an ellipse.
3
r
V
p
tThe non-spherical geometry of the PISA has direct con-
equences on oriﬁce area and volume assessment of MR
nd VS. PISA evaluation by 2DE is based on a hemispheri-
al hypothetical shape. The oriﬁce area is overestimated by
he hemispherical model of 2DE PISA compared with colour
oppler 3DE calculation, the latter being based on formu-
ae, which allow a more accurate estimation of the PISA
urface according to its shape. Thus, this non-spherical sur-
ace is smaller because it integrates the smallest diameter
f the PISA in the transversal plane, whereas 2DE PISA is
ased only on the PISA radius in the longitudinal plane. As
riﬁce area is used to calculate MR and VS volume, the lat-
er is also overestimated by 2DE PISA. The PISA method
lso has some general technical limitations: conﬁnement of
he convergence zone, variation of regurgitant oriﬁce area
hroughout systole in prolapse and multiple regurgitation
ets [1,5,7].
The major limitation of colour Doppler 3DE for the accu-
ate shape and surface assessment of PISA in MR or VS
atients is poor temporal resolution. Image resolution on
he crop plane realised with the QLab system needs improve-
ent to increase accuracy. Angle measurements should be
ncluded to measure the hemiellipsoid surface. The PISA
ethod also has some general technical limitations that are
ncountered frequently in the paediatric population due to
he shape of the ventricular septal defect and the speciﬁc
etiologies of MR [8—12]. Another limitation was our small
atient population; power may have been insufﬁcient to ﬁnd
signiﬁcant difference between regurgitant or shunt ori-
ce area using 2DE and 3DE in shape subgroups. The clinical
mportance of the more accurate assessment of MR and VS
everity by 3DE PISA is to be addressed in a large multicentre
rospective study.
onclusionDE describes the true surface of the PISA shape, which is
arely hemispherical in a paediatric population with MR or
S, but is more often prolate or oblate hemispheroid. Com-
ared with 3DE, 2DE using the PISA method overestimates
he MR and VS oriﬁces and volumes.
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